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ABSTRACT
Using relativistic Hartree-Fock approximation, we investigate the properties
of the neutron-star matter in detail. In the present calculation, we consider
not only the tensor coupling of vector mesons to octet baryons and the form
factors at interaction vertexes but also the internal (quark) structure change of
baryons in dense matter. The relativistic Hartree-Fock calculations are performed
in two ways: one is the calculation with the coupling constants determined by
SU(6) (quark model) symmetry, the other is with the coupling constants based
on SU(3) (flavor) symmetry. For the latter case, we use the latest Nijmegen
(ESC08) model. Then, it is very remarkable that the particle composition of
the core matter in SU(3) symmetry is completely different from that in SU(6)
symmetry. In SU(6) symmetry, all octet baryons appear in the density region
below ∼ 1.2 fm−3, while, in the ESC08 model, only the Ξ− hyperon is produced.
Furthermore, the medium modification of the internal baryon structure hardens
the equation of state for the core matter. Taking all these effects into account, we
can obtain the maximum neutron-star mass which is consistent with the recently
observed mass, 1.97 ± 0.04M⊙ (PSR J1614-2230). We therefore conclude that
the extension from SU(6) symmetry to SU(3) symmetry in the meson-baryon
couplings and the internal baryon-structure variation in matter certainly enhance
the mass of neutron star. Furthermore, the effects of the form factor at vertex
and the Fock contribution including the tensor coupling due to the vector mesons
are indispensable to describe the core matter. In particular, the Fock term is very
vital in reproducing the preferable value of symmetry energy, a4 (≃ 30−40 MeV),
in nuclear matter.
Subject headings: Dense matter — Equation of state — Stars: neutron
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1. Introduction
Neutron stars are composed of the densest form of hadrons (baryons and mesons) and
leptons. However, the detail of particle fractions and properties of the core of neutron star
are not yet theoretically understood. Observations of the mass and/or radius of neutron star
can provide the stringent constraint on the equation of state (EoS) of dense matter in the
core. The best determined pulsar mass is 1.4414± 0.0002M⊙ (the Hulse-Taylor pulsar), and
masses of most other pulsars are found to be close to this canonical value. However, several
neutron stars with heavier masses have recently been discovered. Radio timing observations
of three Post Keplerian parameters led to the most precise measurement of the mass of a
millisecond pulsar of 1.667± 0.021M⊙ (PSR J1903-0327) (Freire et al. 2011). Furthermore,
Shapiro delay measurements from radio timing observations of the binary millisecond pulsar
(PSR J1614-2230) have indicated a mass of 1.97±0.04M⊙ of the neutron star (Demorest et al.
2010).
Nuclear forces play a very important role in the core of neutron star, acting in concert
with gravitational forces to form a compact object. The observed mass of a neutron star
cannot be understood without counting the pressure arising from the strong nuclear force,
which opposes gravitational collapse. The EoS for the core matter has been firstly inves-
tigated in terms of only nucleons (N) and leptons (ℓ). Such a EoS can be very stiff, and
thus yield the maximum allowable mass of a neutron star such as Mmax ≃ 2.8M⊙, which is
close to the absolute upper bound on Mmax stemming from causality (Haensel et al. 2007).
However, in dense matter, hyperons (Y ) generated through weak interaction may also par-
ticipate in the EoS. This is true even at low density, in the region around twice the normal
nuclear matter density, n0(= 0.15fm
−3), because some models predict the low threshold den-
sity for the creation of hyperons in beta equilibrium. Therefore, there is no reason to deny
the appearance of hyperons in dense matter. When hyperons are considered, the inevitable
softening of the EoS occurs, which implies that the maximum neutron-star mass becomes
Mmax . 1.5M⊙ (see, e.g. Burgio et al. 2011; Vidana et al. 2011). Such a low maximum mass
is only marginally consistent with the Hulse-Taylor pulsar, but is already contradicted by
the pulsars of PSR J1903-0327 and PSR J1614-2230.
To explain the EoS for a neutron star, many people have recently used Quantum Hadro-
dynamics (QHD) (see, e.g. Serot & Walecka 1984) in relativistic mean-field (RMF) or rela-
tivistic Hartree (RH) approximation, in which the baryons are treated as point-like objects
and several non-linear, self-interaction terms of the scalar (σ) and/or vector (ω, ~ρ, φ) mesons
are included to push the threshold of the hyperon appearance to higher densities and obtain
a heavy neutron-star mass (Todd-Rutel & Piekarewicz 2005; Dexheimer & Schramm 2008;
Shen et al. 2011; Bednarek et al. 2012; Weissenborn et al. 2012a).
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In general, an effective field theory at low energy will contain an infinite number of
interaction terms, which incorporate the compositeness of hadrons, and it is then expected
to involve numerous couplings which may be nonrenormalizable. Naive-dimensional analysis
(NDA) (Manohar & Georgi 1984) can provide an organizing principle to make sensible cal-
culations for such system. For the nuclear many-body problem, the power counting scheme
based on NDA (Furnstahl et al. 1997; Furnstahl & Serot 2000) allows us to expand the La-
grangian (or the total energy) in terms of the ratios of scalar and vector densities to the
factor f 2πΛ (the pion decay constant, fπ, and the large mass scale, Λ ∼ 1GeV). Such ra-
tios are usually between 1/4 and 1/7 around n0, which can certainly serve as expansion
parameters. From the point of view of the power counting, the tensor force due to the π-
and ρ-meson exchanges, which plays a very crucial role in nuclear forces, can, however, be
viewed as a higher-order correction in a nuclear matter, and thus the tensor contribution to
the total energy is not large in usual nuclei. However, in the core of neutron star where the
density can grow up to ∼ 10n0, the expansion supported by the power counting is no longer
valid, because the convergence becomes worse with increasing density. Thus, it is interesting
to study how the tensor interaction affects the properties of the dense core matter. To take
it into account, it is necessary to consider the Fock term, as well as the Hartree term. The
Fock contribution also ensures the effect of anti-symmetrization for baryon wave functions
in matter, which is not included in the RH calculations. Therefore, it is highly desirable to
calculate the EoS within relativistic Hartree-Fock (RHF) approximation.
At sufficiently high density, it seems unlikely that hadrons will maintain their identity as
confined entities of quarks and gluons, but the interaction between overlapping hadrons will
result in partial or full deconfinement. Even around n0, it is well recognized that the value of
the quark condensate, 〈q¯q〉, is not the same as that in vacuum, and that it decreases by about
20−30% at n0 (Cohen et al. 1992; Tsushima et al. 2007). Because the quark condensate has
Lorentz-scalar character, the decrease in 〈q¯q〉 directly modifies the quark mass and thus leads
to the change of quark wave function in a hadron. It implies that the hadron properties at
finite density are certainly different from those in vacuum. Thus, even in the density region
below the deconfinement of quarks and gluons, the EoS should contain all this physics.
In the quark-meson coupling (QMC) model (Guichon 1988; Saito & Thomas 1994a),
the properties of nuclear matter can be self-consistently calculated by the coupling of scalar
(σ) and vector (ω) fields to the quarks within the nucleons, rather than to the nucleons
themselves. As a result of the scalar coupling to the quark, the internal structure of the
nucleon is modified with respect to the free case. In particular, the decrease of the quark
mass caused by the attractive scalar field reduces the quark scalar density in the nucleon.
Because the quark scalar density itself is the source of the σ field, this provides a mechanism
for the saturation of nuclear matter, where the quark structure plays a vital role.
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In the past few decades, the QMC model has been extensively developed and applied
to various nuclear phenomena with tremendous success (Guichon et al. 1996; Saito et al.
1996, 1997, 2007). In fact, the evidence for the medium modification of nucleon structure
in a nucleus was observed in polarization transfer measurements in the quasi-elastic (e, e′p)
reaction at the Thomas Jefferson Laboratory, and the result supports the prediction of the
QMC model (Brooks 2011). It also seems vital to consider the internal structure change of
the nucleon to understand the European Muon Collaboration (EMC) effect (Geesaman et al.
1995; Saito & Thomas 1994b; Cloe¨t et al. 2006).
The QMC model has recently been extended to include the quark-quark hyperfine in-
teractions due to the exchanges of gluon and pion based on chiral symmetry (Nagai et al.
2008), and it has been applied to hyperons in a nuclear medium (Miyatsu & Saito 2009).
We call this new version the chiral QMC (CQMC) model. The hyperfine interaction plays
an important role in the in-medium baryon spectra. In particular, it can explain why the Λ
feels more attractive force than the Σ or Ξ in matter. The QMC model can offer a unique
opportunity to self-consistently investigate the composition of the core of neutron star in
terms of the quark and gluon degrees of freedom.
In the previous calculation by Miyatsu et al. (2012), using the QHD, QMC and CQMC
models, we have briefly reported the effects of Fock term, tensor coupling of vector mesons
and baryon structure variation on the EoS for the core matter (see also Stone et al. 2007;
Whittenbury et al. 2012). In the present paper, we fully investigate how the Fock term
including the tensor interaction and the baryon structure change contribute to the EoS
in RHF approximation. We also study the effect of form factors at interaction vertexes.
Furthermore, using the latest Nijmegen (ESC08) model (Rijken et al. 2010), we examine the
extension from SU(6) (quark model) symmetry to SU(3) (flavor) symmetry in the meson-
baryon coupling constants. This extension leads to the significant changes in the particle
fractions in the core matter and thus in the maximum mass. Our findings are summarized
in the last section.
2. Relativistic Hartree-Fock calculation
We present the relativistic formulations of QHD and QMC models in Hartree-Fock
approximation.
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2.1. QHD with non-linear σ terms
In QHD, the octet baryons (proton (p), neutron (n), Λ, Σ+0−, Ξ0−) and mesons (σ, ω,
~π, ~ρ ) are assumed to be structureless. Then, the Lagrangian density is given by
L = LB + Lℓ + LM + Lint, (1)
where
LB =
∑
B∋p,n,Λ,Σ,Ξ
ψ¯B(iγµ∂
µ −MB)ψB, Lℓ =
∑
ℓ∋e−,µ−
ψ¯ℓ(iγµ∂
µ −mℓ)ψℓ, (2)
with ψB(ℓ) the baryon (lepton) field and MB (mℓ) the baryon (lepton) mass in vacuum. The
sum B runs over the octet baryons, and the sum ℓ is for the leptons, e− and µ−. For the free
baryon masses, we take MN = 939 MeV, MΛ = 1116 MeV, MΣ = 1193 MeV andMΞ = 1313
MeV, respectively.
The meson term reads
LM = 1
2
(
∂µσ∂
µσ −m2σσ2
)
+
1
2
m2ωωµω
µ − 1
4
WµνW
µν
+
1
2
m2ρ~ρµ · ~ρµ −
1
4
~Rµν · ~Rµν + 1
2
(
∂µ~π · ∂µ~π −m2π~π2
)
, (3)
with
Wµν = ∂µων − ∂νωµ, ~Rµν = ∂µ~ρν − ∂ν~ρµ, (4)
where σ and ω are isoscalar mesons, while ~π and ~ρ are isovector mesons. The meson masses
are respectively chosen as mσ = 550 MeV, mω = 783 MeV, mπ = 138 MeV and mρ = 770
MeV.
The interaction Lagrangian is given by
Lint =
∑
B
ψ¯B
[
gσBσ − gωBγµωµ + fωB
2Mσµν∂
νωµ
− gρBγµ~ρµ · ~IB + fρB
2Mσµν∂
ν~ρµ · ~IB − fπB
m
γ5γµ∂
µ~π · ~IB
]
ψB, (5)
where ~IB is the isospin matrix for baryon B (we set ~IB = 0 when B is iso-singlet) and the
common, scale massM (m) is taken to be the free nucleon (pion) mass (Rijken et al. 2010).
The σ-, ω-, ρ-, π-B coupling constants are respectively denoted by gσB, gωB, gρB and fπB,
while fωB and fρB are the isoscalar-tensor and isovector-tensor coupling constants. In RHF
approximation, the meson field are replaced by the constant mean-field values: σ¯, ω¯ and ρ¯
(the ρ0 field). Note that the mean-field value of the pion vanishes.
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In the present calculation, we add non-linear (NL) terms of the σ¯,
U(σ¯) =
g2
3
σ¯3 +
g3
4
σ¯4, (6)
to the Lagrangian density, because the EoS given by the naive QHD is too hard, i.e.,
the incompressibility, Kv, for symmetric nuclear matter is calculated to be ∼ 550 MeV,
which is apparently too large in comparison with the experimental value, 210 − 300 MeV
(Danielewicz et al. 2010). Here, g2 and g3 are additional coupling constants. We call this
model QHD+NL.
Although the baryons are assumed to be structureless in QHD, the effect of the size can
be included if we introduce a form factor at each interaction vertex. In fact, at the Hartree
level, it is unnecessary to include it because the momentum transfer in the meson exchange
between two baryons vanishes. However, because the exchanged momentum can be finite in
the Fock term, the effect of form factor may become significant as the density grows up. We
choose a dipole function as the form factor:
Fi(p
2) =
1
(1− p2/Λ2i )2
, (7)
where pµ is the (four) momentum transfer, Λi is a cutoff parameter and i specifies the
interaction vertex which will be discussed below (see also Table 1). Note that the effect
of form factor diminishes with increasing Λi. To study the effect of baryon size, in the
interaction Lagrangian density, we replace all coupling constants (except for g2 and g3 in
Eq.(6)) with those multiplied by the form factor, Eq. (7).
To sum up all orders of the tadpole (Hartree) and exchange (Fock) diagrams in the
baryon Green’s function, GB, we use the Dyson’s equation
GB(k) = G
0
B(k) +G
0
B(k)ΣB(k)GB(k), (8)
where kµ is the four momentum of baryon, ΣB is the baryon self-energy and G
0
B is the
Green’s function in free space. In a matter, the baryon self-energy is generally written as
ΣB(k) = Σ
s
B(k)− γ0Σ0B(k) + (~γ · kˆ)ΣvB(k), (9)
with kˆ the unit vector along the (three) momentum ~k and Σ
s(0)[v]
B the scalar part (the time
component of the vector part) [the space component of the vector part] of the self-energy.
Furthermore, the effective baryon mass, momentum and energy in a matter are respectively
defined by
M∗B(k) = MB + Σ
s
B(k), (10)
k∗µB = (k
∗0
B ,
~k∗B) = (k
0 + Σ0B(k),
~k + kˆΣvB(k)), (11)
E∗B(k) =
[
~k∗2B +M
∗2
B (k)
]1/2
. (12)
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The baryon self-energies in Eq. (9) are then calculated by (Bouyssy et al. 1994; Miyatsu et al.
2012)
ΣsB(k) = −gσB σ¯ +
∑
B′,i
(I iBB′)
2
(4π)2k
∫ kF
B′
0
dq q
[
M∗B′(q)
E∗B′(q)
Bi(k, q) +
q∗B′
2E∗B′(q)
Di(q, k)
]
, (13)
Σ0B(k) = −gωBω¯ − gρB(~IB)3ρ¯−
∑
B′,i
(I iBB′)
2
(4π)2k
∫ kF
B′
0
dq qAi(k, q), (14)
ΣvB(k) =
∑
B′,i
(I iBB′)
2
(4π)2k
∫ kF
B′
0
dq q
[
q∗B′
E∗B′(q)
Ci(k, q) +
M∗B′(q)
2E∗B′(q)
Di(k, q)
]
, (15)
where kFB is the Fermi momentum for baryon B and the factor, I
i
BB′ , is the isospin weight
at the meson-BB′ vertex in the Fock diagram. In the present calculation, we ignore the
retardation effect (i.e., the energy transfer between two interacting baryons vanishes)1, which
gives at most a few per cent contribution to the self-energy (see, e.g. Serot & Walecka 1984).
The index i in the sum and the functions Ai, Bi, Ci and Di in Eqs. (13)-(15) are explicitly
specified in Table 1, in which the following functions are used2:
Θi(k, q) =
Λ8i
(m2i − Λ2i )4
(
ln
[
M+i (k, q)
M−i (k, q)
L−i (k, q)
L+i (k, q)
]
+
3∑
n=1
(
m2i − Λ2i
)n
Nni (k, q)
)
, (16)
Φi(k, q) =
1
4kq
[(
k2 + q2 +m2i
)
Θi(k, q)− Λ8iN3i (k, q)
]
, (17)
Ψi(k, q) =
(
k2 + q2 −m2i /2
)
Φi(k, q)− kqΘi(k, q) + Ωi(k, q), (18)
Πi(k, q) =
(
k2 + q2
)
Φi(k, q)− kqΘi(k, q) + Ωi(k, q), (19)
Γi(k, q) = [kΘi(k, q)− 2qΦi(k, q)] , (20)
where
Ωi(k, q) =
Λ8i
4kq
[
N2i (k, q) +
(
k2 + q2 + Λ2i
)
N3i (k, q)
]
, (21)
L±i (k, q) = Λ
2
i + (k ± q)2, (22)
M±i (k, q) = m
2
i + (k ± q)2, (23)
Nni (k, q) =
(−1)n
n
([
L+i (k, q)
]−n − [L−i (k, q)]−n) . (24)
1In this approximation, the form factor is given as Fi(p
2) →
(
1 + ~p 2/Λ2
i
)−2
, where ~p is the (three)
momentum transfer.
2In the loop integral, we have removed the so-called contact interaction term (Bouyssy et al. 1994;
Krein et al. 1999).
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The mean-field values of ω¯ and ρ¯ are respectively given by the usual forms
ω¯ =
∑
B
gωB
m2ω
ρB, ρ¯ =
∑
B
gρB
m2ρ
(~IB)3ρB, (25)
where the density of baryon B is ρB = (
2JB+1
6π2
)k3FB with JB the spin of B.
On the other hand, combining with Eqs. (13)-(15), the σ¯ value should be self-consistently
calculated by (Weber & Weigel 1989)
σ¯ =
∑
B
gσB
m2σ
ρsB −
1
m2σ
(g2σ¯
2 + g3σ¯
3), (26)
where the scalar density of baryon B reads
ρsB =
2JB + 1
2π2
∫ kFB
0
dk k2
M∗B(k)
E∗B(k)
. (27)
The total energy density and pressure can be divided into the hadron and lepton parts,
namely ǫ = ǫH + ǫℓ and P = PH + Pℓ, where the hadron energy density, ǫH , and pressure,
PH , include both the baryon and meson contributions. Then, they are expressed as
ǫH =
∑
B
2JB + 1
(2π)3
∫ kFB
0
d~k
[
TB(k) +
1
2
VB(k)
]
− σ¯
3
2
(g2
3
+
g3
2
σ¯
)
, (28)
with
TB(k) =
MBM
∗
B(k) + kk
∗
B
E∗B(k)
, VB(k) =
M∗B(k)Σ
s
B(k) + k
∗
BΣ
v
B(k)
E∗B(k)
− Σ0B(k), (29)
and
PH = n
2
B
∂
∂nB
(
ǫB
nB
)
, (30)
where the total baryon density, nB, is given by nB =
∑
B ρB. These energy density and
pressure give the EoS for the core matter of neutron star.
2.2. QMC and CQMC models
In QHD, gσB is constant at any density because the baryons are point-like objects. In
contrast, in the QMC and CQMC models, the σ-B coupling constant, gσB , has the σ-field
dependence, which reflects the baryon structure variation due to the interaction in matter.
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However, the medium effect does not affect the coupling of vector meson to baryon in mean-
field approximation (Saito et al. 2007). Furthermore, in a uniformly distributed matter,
it may not be necessary to consider the internal structure variation of mesons explicitly,
because the meson field is no longer dynamical but just auxiliary, namely the meson field (or
the mean-field) can be replaced by the baryon density or the baryon scalar density (Saito
2010).
In the QMC model, the MIT bag model is simply used to describe the baryons, in which
three quarks move freely. As an example, we consider the nucleon mass in matter. When we
calculate the mass in RH approximation, it is given as a function of the scalar mean-field
M∗N(σ¯) ≡MN − gσN (σ¯)σ¯, (31)
because the scalar field couples to a quark in the nucleon and modifies the quark mass in
matter. Here, gσN(σ¯) is the σ-N coupling constant, which depends on the σ field, and will
be discussed further below.
Because the value of σ¯ is small at low density, the effective nucleon mass in matter,M∗N ,
can be expanded in terms of σ¯ as
M∗N (σ¯) =MN +
(
∂M∗N
∂σ¯
)
σ¯=0
σ¯ +
1
2
(
∂2M∗N
∂σ¯2
)
σ¯=0
σ¯2 + · · · . (32)
In the QMC model, the interaction Hamiltonian between the nucleon and the σ field at the
quark level is given by Hint = −3gqσ
∫
V
d~r ψ¯qσψq, where g
q
σ is the σ-quark coupling constant,
ψq is the quark wave function and V is the nucleon volume, and the derivative of M
∗
N with
respect to σ¯ is given by(
∂M∗N
∂σ¯
)
= −3gqσ
∫
V
d~r ψ¯qψq ≡ −3gqσSN(σ¯). (33)
Here we have defined the quark-scalar density in the nucleon, SN(σ¯), which is itself a function
of the scalar field, by Eq.(33). Because of a negative value of
(
∂M∗
N
∂σ¯
)
, the nucleon mass
decreases in matter at low density.
Moreover, we define the scalar-density ratio (or the scalar polalizability), SN(σ¯)/SN(0),
to be CN(σ¯) and the σ-N coupling constant at σ¯ = 0 to be gσN (i.e., gσN ≡ gσN (σ¯ = 0)):
CN(σ¯) = SN(σ¯)/SN(0) and gσN = 3g
q
σSN(0). (34)
Comparing with Eq.(31), we find that(
∂M∗N
∂σ¯
)
= −gσNCN(σ¯) = − ∂
∂σ¯
[gσN(σ¯)σ¯] , (35)
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and that the nucleon mass is
M∗N =MN − gσN σ¯ −
1
2
gσNC
′
N(0)σ¯
2 + · · · . (36)
In general, CN is a decreasing function because the quark in matter becomes more relativistic
than in free space. Thus, C ′N(0) takes a negative value. If the nucleon were structureless, CN
would not depend on the scalar field, that is, CN would be constant (CN = 1). Therefore,
only the first two terms in the right hand side of Eq.(36) remain, which is exactly the same
as the equation for the effective nucleon mass in QHD. This decrease in CN constitutes a new
saturation mechanism for nuclear matter (Guichon 1988), and very much reduces the nuclear
incompressibility Kv, compared with the value of QHD. Therefore, in the QMC model, it is
not necessary to include the non-linear terms of σ¯.
In actual numerical calculations, we found that the scalar-density ratio, CN(σ), decreases
linearly (to a very good approximation) with gσN σ¯ (Guichon et al. 1996; Saito et al. 1997).
Then, it is very useful to have a simple parameterization for CN :
CN(σ¯) = 1− aN × (gσN σ¯). (37)
As a practical matter, it is easy to solve Eq.(35) for gσN(σ¯) in the case where C(σ¯) is linear
in gσN σ¯, as in Eq.(37). Then one finds
M∗N =MN − gσN (σ¯)σ¯ =MN − gσN
[
1− aN
2
(gσN σ¯)
]
σ¯, (38)
so that the effective σ-N coupling constant, gσN(σ¯), decreases at half the rate of CN(σ¯).
For the octet baryons, this linear approximation is also applicable to the scalar-density
ratio and the coupling constant in a nuclear medium:
CB(σ¯) = 1− aB × (gσN σ¯), (39)
gσB(σ¯) = gσB
[
1− aB
2
(gσN σ¯)
]
, (40)
with aB a parameter and gσB the σ-B coupling constant at nB = 0. This idea leads to a
new, simple scaling relationship among the in-medium baryon masses (Saito et al. 1997).
Two quarks in a baryon can interact through the one-gluon exchange (OGE) (Guichon et al.
2008). In addition to it, the pion-cloud effect, which is governed by chiral symmetry and its
small breaking, may also affect the properties of baryons in a nuclear medium. The CQMC
model involves both the effects (Nagai et al. 2008; Miyatsu & Saito 2009). The hyperfine
interaction due to the OGE and pion cloud is very significant in the in-medium baryon spec-
tra. In particular, at the quark mean-field level, it splits the masses of Λ and Σ in matter,
and, as it should be, the Λ feels more attractive force than the Σ or Ξ does.
– 11 –
In the case of the CQMC model, we need two parameters, aB and bB, to describe the
σ-B coupling constant:
gσB(σ¯) = gσBbB
[
1− aB
2
(gσN σ¯)
]
, (41)
while the scalar-density ratio can again be given by Eq. (39). This linear approximation is
quite accurate up to ∼ 10n0. The values of aB and bB are listed in Table 2. Using Eq.(41),
the octet baryon mass in RH approximation is then given by M∗B = MB − gσB(σ¯)σ¯, which
is shown in Fig. 1. If we set aB = 0 and bB = 1, gσB(σ¯) is identical to the σ-B coupling
constant in QHD. We should note that the σ-field dependence in the coupling constant in
Eq. (41) can also be understood as the effect of many-body correlations in nuclear matter
(Guichon & Thomas 2004; Saito 2010)
For the RHF calculation in the QMC or CQMC model, we use the formulation developed
in section 2.1, in which, instead of the constant gσB, the field-dependent coupling, gσB(σ¯),
in Eq. (41) is used at each σ-B vertex.
3. Numerical results
3.1. SU(6) symmetry
We focus on how the Fock term including the tensor coupling and the form factor
at interaction vertex contribute to the EoS for a neutron star. There is large ambiguity
in determining the meson-hyperon coupling constants. Then, the SU(6) (quark model)
symmetry is often assumed to fix the coupling constants (Reuber et al. 1994; Huber et al.
1998):
gσN =
3
2
gσΛ =
3
2
gσΣ = 3gσΞ, gωN =
3
2
gωΛ =
3
2
gωΣ = 3gωΞ, (42)
gρN =
1
3
gωN =
1
2
gρΣ = gρΞ, gρΛ = 0, (43)
fπN =
5
4
fπΣ = −5fπΞ, fπΛ = 0, (44)
κωN =
fωN
gωN
= −0.12, κωΛ = fωΛ
gωΛ
= −1, (45)
κωΣ =
fωΣ
gωΣ
= 1 + 2κωN = 0.76, (46)
κωΞ =
fωΞ
gωΞ
= −2− κωN = −1.88, (47)
κρN =
fρN
gρN
= 3.7, κρΛ =
fρΛ
gρΛ
= 0, (48)
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κρΣ =
fρΣ
gρΣ
= −3
5
+
2
5
κρN = 0.88, (49)
κρΞ =
fρΞ
gρΞ
= −6
5
− 1
5
κρN = −1.94, (50)
where we take f 2πN/4π = 0.08, and κ is defined by the ratio of the tensor (f) to vector (g)
coupling constants.
To see the effects of the Fock term and form factor, we consider the following cases:
(1) RH calculation in QHD-NL,
(2) RHF calculation (no tensor coupling, no form factor) in QHD-NL,
(3) RHF calculation with tensor coupling (no form factor) in QHD-NL,
(4) RHF calculation with tensor coupling and form factor (full calculation) in QHD-NL,
(5) full RHF calculation in QMC,
(6) full RHF calculation in CQMC,
(7) full RHF calculation with hyperon-potential fit in QHD-NL.
For simplicity, in cases of (4) - (7), all cutoff parameters in the form factors are assumed to
be the common value, Λ2B = 0.71 GeV
2 (Frauenfelder & Henley 1991). Once gσN is fixed,
the σ-Y couplings, gσY , are determined through the relation Eq.(42). In cases of (1) - (6), we
use such values for gσY . On the other hand, the recent analyses of hypernuclei and hyperon
production reactions infer that the Λ, Σ or Ξ, respectively, feels the potential, UΛ, Σ, Ξ ≃
−30,+30,−15 MeV, in a nuclear medium (Schaffner & Mishustin 1996; Ishizuka et al. 2008).
Therefore, in case (7), instead of Eq.(42), we determine gσΛ, gσΣ and gσΞ so as to fit the
suggested potential depths at n0. Apparently, this leads to the breaking of SU(6) symmetry
in the coupling constants.
In Table 3, we list the coupling constants and several properties of symmetric nuclear
matter at n0. We have four, free parameters in QHD-NL: gσN , gωN , g2 and g3. The first
two parameters, gσN and gωN , are adjusted so as to reproduce the nuclear saturation energy
(−15.7 MeV) at n0 in symmetric nuclear matter. The last two constants, g2 and g3, are
determined so as to generate the incompressibility Kv (=253 MeV) and the effective nucleon
mass (M∗N/MN = 0.79) calculated by the QMC model (case (5)). For case (7), the coupling
constants except for gσY are identical to those in case (4), and we use g
2
σΛ/4π = 1.97,
g2σΣ/4π = 0.38 and g
2
σΞ/4π = 0.52, which produce the required hyperon-potential depths. In
the QMC and CQMC models (cases (5) and (6)), we have only two parameters, gσN and
gωN , which are again determined so as to satisfy the nuclear saturation condition. We note
that the values of Kv, a4 and M
∗
B calculated by the QMC are different from those by the
CQMC, which is caused by the hyperfine interaction due to the gluon and pion exchanges
between quarks, as discussed in section 2.2.
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Comparing cases (1) - (3), we can see that, because the Fock terms, especially the terms
involving the tensor couplings, contribute as an attractive force, the coupling constants,
gσN and gωN , are reduced in cases (2) and (3) to satisfy the saturation condition for nuclear
matter. In case (3), the Fock contribution at n0 reaches about 35 (25)% of the scalar (vector)
self-energy. In contrast, the inclusion of form factors reduces the Fock contribution, which
is shown in the contents of the self-energies in case (4), and gσN and gωN are accordingly
enhanced. Because of the quark and gluon degrees of freedom, the scalar and vector self-
energies in the CQMC model (case (6)) are more enhanced (deeper) than in QHD-NL, which
generates the lower effective nucleon mass in matter and the larger nuclear incompressibility.
We should notice that the Fock term plays a very important role in the symmetry
energy, a4. The value of a4 in case (1) is very small, while, the Fock term enhances a4 very
much (see cases (2) - (6)). We present the density dependence of a4 in Fig. 2. In the RH
calculation (case (1)), it is necessary to enhance the ρ-N vector coupling by about 45% by
hand to obtain the observed symmetry energy, a4 ≃ 30 MeV.
In Figs. 3 and 4, we respectively show the equation of state and the particle fractions, Yi
(i = n, p, · · ·), in the core matter of neutron star, which are calculated under the conditions
of the charge neutrality and the β-equilibrium in weak interaction. As expected, the hard
EoS can be given by the QMC or CQMC model, while the softest one is generated by case
(2). In Fig. 4, we can see all octet baryons in the RH result (case (1)). The Fock terms
(without the tensor couplings) push upward the threshold densities for hyperons (except
for Σ− and Σ0), see case (2). Furthermore, the inclusion of the tensor coupling (case (3))
makes the threshold densities of Λ and Σ0 very high (actually, Σ0 disappear in the figure),
while that of the Ξ− is somewhat pulled downward. In case (4), we can see that such tensor
effect is weakened by the inclusion of form factors. In case (5), comparing with case (4),
the thresholds of hyperons are again pushed upward, which is caused by the effect of baryon
internal structure variation in matter. The difference between cases (5) and (6) is generated
by the hyperfine interaction between quarks in octet baryons. In case (7), as expected, the
Σ hyperons do not appear at all below nB = 1.2 fm
−3, which is caused by the adjustment of
the coupling constant gσΣ to fit the repulsive potential depth, UΣ ≃ +30 MeV.
We respectively present the neutron-star mass as a function of the radius and the prop-
erties of neutron star in Fig. 5 and Table 4. To calculate the neutron-star mass, we solve the
Tolman-Oppenheimer-Volkoff (TOV) equation (Tolman 1934; Oppenheimer & Volkov 1939).
As expected from Fig. 3, the CQMC model gives the heaviest mass. In contrast, although
the mass is low, the case (2) gives the neutron star whose central density is very high, namely
it is very compact. In SU(6) symmetry, the maximum neutron-star mass gradually increases
from case (2) to (4).
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3.2. SU(3) symmetry
To study the role of hyperons on the properties of neutron star, it is very important
to extend SU(6) symmetry to the more general SU(3) flavor symmetry (Weissenborn et al.
2012b). Restricting our interest to three quark flavors, up, down and strange, SU(3) symme-
try in flavor space can be regarded as a symmetry group of strong interaction. Because we
consider only the octet representation for the baryons (JP = 1
2
+
octet), the SU(3) invariant
Lagrangian can be constructed using the matrix representations for the baryons, B, and
meson nonet (singlet state, M1, and octet state, M8). The interaction Lagrangian is given
as a sum of three terms, namely one stemming from the coupling of the meson singlet to the
baryon octet (S term) and the other two terms from the interaction of the meson octet and
the baryons – one being the antisymmetric (F ) term and the other being the symmetric (D)
term:
Lint = −g8
√
2
[
αTr([B¯,M8]B) + (1− α)Tr({B¯,M8}B)
]− g1 1√
3
Tr(B¯B)Tr(M1), (51)
where g1 and g8 are respectively the coupling constants for the meson singlet and octet states,
and α (0 ≤ α ≤ 1) denotes the F/(F + D) ratio, namely the ratio of the antisymmetric
contribution, F , to the sum of antisymmetric and symmetric, D, ones. In SU(3) symmetry,
all possible combinations of couplings are then described in terms of four parameters; the
singlet and octet coupling constants, g1 and g8, α and the mixing angle, θ, relating the
physical isoscalar mesons to the pure singlet and octet counterparts.
The extended-soft-core (ESC08) model by the Nijmegen group may at present be the
most complete meson-exchange model for the baryon-baryon interaction (Rijken et al. 2010).
It describes not only the N -N but also the Y -N and Y -Y interactions in terms of the meson
exchange based on SU(3) flavor symmetry. In this subsection, we calculate the EoS using
the meson-baryon coupling constants provided by the ESC08 model.
In this model, for example, the couplings of ω-meson to baryons are related through
gωΛ
gωN
=
1
1 +
√
3z tan θv
,
gωΞ
gωN
=
1−√3z tan θv
1 +
√
3z tan θv
, (52)
where z = g8/g1. The isoscalar ω and φ meson are described in terms of the pure singlet,
|1〉, and octet, |8〉, states as
|ω〉 = cos θv|1〉+ sin θv|8〉, (53)
|φ〉 = − sin θv|1〉+ cos θv|8〉, (54)
where the mixing angle is chosen to be θv = 37.50
◦, which is very close to the ideal mix-
ing, tan θidealv = 1/
√
2, namely θidealv = 35.26
◦. The ratio z is fixed to be 0.1949 in the
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ESC08 model, while z = 1/
√
6 = 0.4082 in SU(6) symmetry. Thus, the ratio z is much
smaller than the SU(6) value, which helps to enhance the maximum mass of neutron star
(Weissenborn et al. 2012b). We show the coupling constants (except for gσB and gωN) and
the cutoff parameters in the form factors in Table 5. It should be noted that, in the present
calculation, we use the dipole function for the form factor, Eq.(7), while, in the ESC08
model, it is expressed by a gaussian function (for details, see the footnotes of Table 5).
Using these coupling constants and cutoff parameters, we here examine the following
four cases:
(a) full RH calculation in QHD-NL,
(b) full RHF calculation in QHD-NL,
(c) full RHF calculation in QMC,
(d) full RHF calculation in CQMC.
The properties of symmetric nuclear matter at n0 and the rest of coupling constants are
shown in Tables 6 and 7. As in the case of SU(6) symmetry, the coupling constants, gσN
and gωN , are determined by the nuclear saturation condition. In QHD-NL (cases (a) and
(b)), the coupling constants for the non-linear terms, g2 and g3, are again determined so as
to fit the incompressibility and the effective nucleon mass to the values (Kv = 249 MeV and
M∗N/MN = 0.78) given by the QMC model (case (c)). As discussed in subsection 3.1, the
σ-Y coupling constant (see column (A) in Table 7) is fixed so as to reproduce the observed
hyperon-potential depth, UY .
We show the symmetry energy, a4, as a function of nB in Fig. 6. It should be again
emphasized that in case (a) the symmetry energy is clearly insufficient because of the absence
of the Fock term. In contrast, a4 is very enhanced in cases (b) - (d). In Figs. 7 and 8, we
respectively present the equation of state and the particle fractions in the core matter. The
structure of particle fractions is very simple and impressive in all cases, namely only the
Ξ− appears below nB = 1.2 fm
−3. In the EoS, we can see the bend of pressure line around
ε ≃ 550 MeV/fm3, which corresponds to the threshold point of the Ξ− production. Beyond
the bend, the pressure in the RH calculation (case (a)) is enhanced compared with the other
cases (b) - (d). It may be caused by the fact that, in comparison with cases (b) - (d), the
production of Ξ− in case (a) is relatively suppressed for high densities, and that the fraction
of neutron is thus not reduced much. This is also consistent with the fact that the threshold
density for the Ξ− production in case (a) is relatively high (> 0.6 fm−3), comparing with
the other cases. As seen in subsection 3.1, because the tensor coupling of vector meson pulls
downward the threshold density of the Ξ−, the reduction of the threshold density in cases
(b) - (d) may be originated by the effect of tensor coupling.
In Fig. 9, we present the neutron star mass as a function of the star radius. Because
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of the hard EoS, the RH calculation gives the heaviest maximum mass around 2.0M⊙. The
precise results for the neutron-star properties are presented in column (A) of Table 8. The
CQMC model gives the mass of 1.93M⊙,
3 which is also consistent with the recently observed
mass, 1.97 ± 0.04M⊙ (PSR J1614-2230). Comparing the results of cases (b) and (d), we
conclude that the change of internal structure of baryons in matter can generate the mass
fraction of ∼ 0.1M⊙. Furthermore, because the difference between the QMC and CQMC
models is caused by the hyperfine interaction between quarks in a baryon, such interaction
is also important and produces the mass fraction of ∼ 0.07M⊙.
We here notice that, because the coupling constants, gσB and gωN , are determined so
as to satisfy the desired conditions, namely the saturation condition for symmetric nuclear
matter and the observed hyperon-potential depths, SU(3) flavor symmetry in the coupling
constants is now partly broken. However, the violation of SU(3) symmetry may naturally be
expected, because the core matter of neutron star consists of octet baryons whose particle
fractions are not constant but vary depending on the density. Furthermore, the effective
coupling constants in matter may, in general, vary depending on the surrounding matter, if we
treat the matter using more sophisticated models such as the (relativistic) Dirac-Brueckner-
Hartree-Fock calculations (see, e.g. Krastev & Sammarruca 2006; Dalen et al. 2007), etc.
However, it may be interesting to examine the neutron-star mass again, restoring SU(3)
symmetry. For example, we try to recalculate the neutron-star mass by reducing the ω-Y
vector coupling constants by the factor x(i) = giωN/g
0
ωN , where g
i
ωN and g
0
ωN are, respectively,
the ω-N coupling constants for case (i = a, b, c or d) (see Table 6) and that in free space
(i.e., the value given in the ESC08 model). We choose the tensor coupling, f iωY , so as to
keep κωY given in the ESC08 model (see Table 5). This reduction may partly restore SU(3)
symmetry and bring the present calculation close to that with SU(3) symmetry. We then
find that the factors are as follows: x(a) = 0.689, x(b) = 0.641, x(c) = 0.626, x(d) = 0.683.
Correspondingly, the σ-Y coupling constant should be readjusted so as to reproduce the
correct potential depth, UY , which is shown in column (B) in Table 7. This recalculation
gives the maximum neutron-star mass presented in column (B) of Table 8, namely the mass
is reduced by about 8% comparing with the result in column (A), and thus the mass cannot
reach the value of 1.97 ± 0.04M⊙. Fig. 10 shows the particle fractions, where not only the
Ξ− but also the Λ hyperon appear in the core matter. The threshold density for the Λ
production is ∼ 0.4− 0.5 fm−3, which is very close to that for the Ξ−. As in cases of column
(A), their threshold densities in case (a) are somewhat higher than those in cases (b) - (d).
3In the previous calculation by Miyatsu et al. (2012), we have reported Mmax ≃ 2.02M⊙ in the CQMC
model, in which the CQMC predicts Kv = 300 MeV because the form factor is not included. The difference
between the previous and present results is mainly caused by the effect of form factors at interaction vertexes.
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Therefore, the RH result again gives the heaviest neutron-star mass.
4. Summary and conclusions
Using relativistic Hartree-Fock approximation, we have studied the properties of the
core of neutron star in detail. In the present calculation, we have considered not only the
tensor coupling of vector mesons to octet baryons and the form factors at vertexes but also
the internal (quark) structure change of baryons in matter.
We have performed the RHF calculations in two ways: one is the calculation with the
coupling constants determined by SU(6) (quark model) symmetry, the other is with the
coupling constants based on SU(3) (flavor) symmetry. Then, from the result of the former
calculation, we have found the following important features. The Fock term (except for the
tensor coupling) makes the EoS for neutron star rather soft, while the tensor coupling pushes
the threshold of hyperon production upward and thus the EoS becomes somewhat hard.
Because the form factor reduces the effect of exchange term and the scalar self-energies for
baryons due to the tensor coupling, the σ and ω mean fields are correspondingly enhanced to
keep the reasonable values of Kv and the nucleon mass in matter. Then, the enhancement of
ω mean field hardens the EoS. Furthermore, the medium modification of the internal baryon
structure also makes the EoS hard, and enhances the maximum neutron-star mass. If the σ-
hyperon coupling constants are readjusted so as to reproduce the observed hyperon-potential
depths (although such change eventually breaks SU(6) symmetry), the particle composition
in the core matter is considerably modified, namely the Σ hyperons disappear below nB = 1.2
fm−3. However, the calculated maximum neutron-star mass in SU(6) symmetry cannot reach
the massive neutron-star mass, 1.97± 0.04M⊙ (PSR J1614-2230).
In the calculation based on SU(3) symmetry, we have used the coupling constants pro-
vided by the latest Nijmegen (ESC08) model. Then, it is very remarkable that the structure
of particle composition in matter is completely different from that in the case of SU(6) sym-
metry, namely all hyperons except the Ξ− disappear below nB = 1.2 fm
−3. Accordingly, the
EoS becomes hard, and thus, in the RH or CQMC calculation, we can obtain the mass which
is consistent with the observed mass of 1.97± 0.04M⊙. Because, in the present calculation,
the coupling constants for the non-linear σ terms in QHD are determined so as to reproduce
the values of Kv and M
∗
N given by the QMC model, the coupling of the ω meson to the nu-
cleon in the RH case is rather strong compared with those in the RHF cases. Thus, the RH
calculation gives the hardest EoS, which generates the heaviest neutron-star mass, 2.0M⊙.
The medium modification of the internal baryon structure also plays the significant role in
determining the neutron-star mass. Such effect generates the mass fraction of about 0.1M⊙.
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Because the coupling constants, gσB and gωN , are determined so as to satisfy the nu-
clear saturation and the hyperon-potential depths at n0, SU(3) symmetry in the coupling
constants is partly broken in the present calculation. However, such violation may be jus-
tified, because the ground (vacuum) state of the core matter consists of the octet baryons,
which fill (positive) baryon-energy levels to the Fermi momenta, and each baryon fraction
inside the core varies depending on the density. It implies that SU(3) symmetry is explicitly
broken in the ground state. However, we have checked how the neutron-star mass is modified
when SU(3) symmetry is restored. In fact, by reducing gωY by hand, which may (partly)
restore SU(3) symmetry, we have recalculated the neutron-star mass. Then, we have found
that the maximum mass cannot reach the desired value, 1.97±0.04M⊙. Thus, how we deter-
mine the coupling constants, especially the coupling constants of vector mesons to baryons,
is very important to obtain a heavy neutron-star mass.
In conclusions, we have found that the extension from SU(6) symmetry to SU(3) sym-
metry in the meson-baryon couplings and the internal baryon-structure variation in matter
certainly enhance the maximum neutron-star mass. Furthermore, the effects of the form
factor at vertex and the Fock term including the tensor coupling due to the vector meson are
indispensable to describe the core matter of neutron star. In particular, the Fock contribu-
tion is very vital to reproduce the preferable value of symmetry energy, a4 (≃ 30− 40 MeV),
in nuclear matter. Including all these effects, it becomes possible to explain the mass of
PSR J1614-2230 pulsar. In the usual RH calculations with the coupling constants in SU(6)
symmetry, it is necessary to consider the self-interaction terms of vector (ω, ~ρ, φ) mesons,
as well as the σ meson, to obtain a heavy neutron-star mass (Todd-Rutel & Piekarewicz 2005;
Dexheimer & Schramm 2008; Shen et al. 2011; Bednarek et al. 2012; Weissenborn et al. 2012a).
However, it should be emphasized that such self-interaction terms are not indispensable in
the present RHF calculation.
Finally, we give several comments on the future work. It may be important to consider
theK orK∗ meson exchange between two baryons, because they generate the mixing of octet
baryons in matter. For example, the mixing of N -Λ, Λ-Ξ, N -Σ or Σ-Λ occurs through the
K or K∗ meson exchange. Furthermore, the π or ρ meson mixes the Σ-Λ hyperons. These
mixing effects may change the baryon composition in the core matter. It is also important
to introduce temperature into the RHF formulation (Saito et al. 1989; Soutome et al. 1990).
In the present study, we do not consider the short range (two-baryon) correlation in
matter, which may affect the EoS at high density. In fact, using the latest ESC08 model,
Schulze & Rijken (2011) have already performed the Brueckner-Hartree-Fock calculation for
the neutron-star matter, and reported very low maximum masses below 1.4M⊙ (see also,
Akmal et al. (1998); Nishizaki et al. (2002); Logoteta et al. (2012)). Because relativity must
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be very crucial to investigate the high density matter, it is very desired to perform the
(relativistic) Dirac-Brueckner-Hartree-Fock calculation including hyperons.
At very high density, the quark and gluon degrees of freedom, rather than the hadron
degrees of freedom, may take place in the core matter. Because the degrees of freedom in a
quark-gluon matter is generally large, it is necessary to assume a rather strong correlation be-
tween quarks and gluons to support a massive neutron-star mass (Bratovic et al. 2012). Fur-
thermore, in the crossover between the hadron and quark-gluon phases there may exist rich
non-perturbative structure such as color superconducting phases etc (Fukushima & Hatsuda
2011). It would be very intriguing to investigate how such degrees of freedom contribute to
the EoS and the maximum mass of neutron star.
The authors (especially, T. M.) would like to thank Myung-Ki Cheoun, Tomoyuki
Maruyama, T. Kajino and T. Takatsuka for fruitful discussions on the EoS for neutron
stars.
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Fig. 1.— The CQMC result for octet baryon masses (as functions of the scalar field gσN σ¯)
in symmetric nuclear matter. We note that the difference between the results by the exact
calculation and the parameterization, Eq.(41), is indistinguishable. Here, we use the cou-
pling constants, gσB, given by SU(6) symmetry, namely gσN =
3
2
gσΛ =
3
2
gσΣ = 3gσΞ (see
section 3.1).
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Fig. 2.— Symmetry energy a4 in SU(6) symmetry.
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Fig. 3.— Equation of state (pressure versus energy density) in SU(6) symmetry.
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Fig. 7.— Equation of state (pressure versus energy density) in the ESC08 model.
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Fig. 10.— Particle fractions, Yi, for cases (a) - (d). The ω-Y coupling constants are reduced
to restore the SU(3) relation (for details, see the text).
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Table 1: Functions Ai, Bi, Ci, and Di. The index i is specified in the left column, where
V (T ) stands for the vector (tensor) coupling at each meson-BB′ vertex. The last row is for
the (pseudovector) pion contribution.
i Ai Bi Ci Di
σ g2σB(σ¯)Θσ g
2
σB(σ¯)Θσ −2g2σB(σ¯)Φσ −
ωV V 2g
2
ωBΘω −4g2ωBΘω −4g2ωBΦω −
ωTT −
(
fωB
2M
)2
m2ωΘω −3
(
fωB
2M
)2
m2ωΘω 4
(
fωB
2M
)2
Ψω −
ωV T − − − 12
(
fωBgωB
2M
)
Γω
ρV V 2g
2
ρBΘρ −4g2ρBΘρ −4g2ρBΦρ −
ρTT −
(
fρB
2M
)2
m2ρΘρ −3
(
fρB
2M
)2
m2ρΘρ 4
(
fρB
2M
)2
Ψρ −
ρV T − − − 12
(
fρBgρB
2M
)
Γρ
πpv −f 2πBΘπ −f 2πBΘπ 2
(
fpiB
mpi
)2
Ππ −
Table 2: Values of aB and bB for octet baryons in the QMC or CQMC model.
QMC CQMC
aB (fm) bB aB (fm) bB
N 0.179 1.00 0.118 1.04
Λ 0.172 1.00 0.122 1.09
Σ 0.177 1.00 0.184 1.02
Ξ 0.166 1.00 0.181 1.15
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Table 3: Coupling constants (in SU(6) symmetry) and calculated properties of symmetric
nuclear matter at n0. The values of the incompressibility, Kv, the symmetry energy, a4, and
the self-energies for the nucleon, ΣsN and Σ
0
N , are in MeV, and, in the parenthesis of the
self-energies, the left (right) number is for the Hartree (Fock) contribution. We note that
the space component of the vector self-energy, ΣvN , is very small (at most ∼ 5 MeV). Note
that, for case (7), the coupling constants except for gσY are identical to those in case (4).
case
g2
σN
4π
g2
ωN
4π
g2 (fm
−1) g3 Kv a4
M∗
N
MN
ΣsN Σ
0
N
(1) 5.73 5.66 21.5 34.1 253 21.7 0.79 -193 (-193, 0) -134 (-134, 0)
(2) 4.67 3.91 10.7 170 253 33.3 0.79 -193 (-157, -36) -135 (-92, -43)
(3) 3.78 4.23 10.5 235 253 35.4 0.79 -193 (-126, -67) -133 (-100, -33)
(4) 4.13 4.69 12.5 100 253 32.2 0.79 -193 (-146, -46) -133 (-111, -22)
(5) 4.10 4.25 - - 253 30.2 0.79 -193 (-150, -43) -120 (-101, -19)
(6) 4.01 5.48 - - 264 33.6 0.76 -226 (-170, -56) -153 (-129, -24)
Table 4: Neutron-star radius, Rmax (in km), the central density, nc (in fm
−3), and the ratio
of the maximum neutron-star mass to the solar mass, Mmax/M⊙ in SU(6) symmetry.
Rmax nc Mmax/M⊙
(1) 11.5 1.03 1.57
(2) 10.7 1.29 1.36
(3) 11.4 1.08 1.50
(4) 11.3 1.09 1.52
(5) 11.2 1.10 1.62
(6) 11.8 0.97 1.67
(7) 11.9 0.94 1.52
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Table 5: Coupling constants, fπB/
√
4π, gMB/
√
4π and κMB = fMB/gMB, and the cutoff
parameters, ΛB, in the ESC08 model (taken from Rijken et al. (2010)).
M MNN MΛΛ MΣΣ MΞΞ ΛB(MeV)
b
π f 0.2675 0 0.1903 -0.0772 1312
ω g −a 2.8158 2.8158 2.0863 1576
κ -0.2276a -1.2030 -0.0926 -2.1111
ρ g 0.6918 0 1.3837 0.6918 969
κ 5.6805 0 2.4656 -0.7489
aThe ω-N vector coupling constant is determined so as to satisfy the nuclear saturation condition (see Table 6).
The tensor coupling is then fixed using κωN = −0.2276, which is the value given in the ESC08 model.
bThe form factor in the ESC08 model is given by a gaussian function. The present values are therefore the
cutoff parameters (given in the ESC08 model) multiplied by
√
2, because we use the dipole function, Eq.(7).
We assume that the cutoff parameter at the σ-BB vertex is identical to that at the π-BB vertex.
Table 6: Coupling constants (for the ESC08 model) and calculated properties of symmetric
nuclear matter at n0. The values of Kv, a4, Σ
s
N and Σ
0
N are in MeV, and, in the parenthesis
of the self-energies, the left (right) number is for the Hartree (Fock) contribution. Note that
the space component of the vector self-energy is again very small as in the case of SU(6)
symmetry.
case
g2σN
4π
g2ωN
4π
g2 (fm
−1) g3 Kv a4
M∗N
MN
ΣsN Σ
0
N
(a) 6.02 6.13 22.6 8.51 249 20.0 0.78 -204 (-204, 0) -145 (-145, 0)
(b) 3.22 5.16 13.9 62.5 249 36.2 0.78 -204 (-120, -85) -144 (-122, -22)
(c) 3.12 4.92 - - 249 35.3 0.78 -204 (-120, -84) -135 (-116, -19)
(d) 3.27 5.86 - - 261 35.5 0.75 -233 (-143, -90) -163 (-138, -25)
Table 7: The σ-Y coupling constants. For details, see the text.
(A) (B)
case g2σΛ/4π g
2
σΣ/4π g
2
σΞ/4π g
2
σΛ/4π g
2
σΣ/4π g
2
σΞ/4π
(a) 5.32 2.63 2.71 2.92 1.05 1.45
(b) 7.17 3.32 3.63 3.47 1.02 1.70
(c) 6.59 3.01 3.32 3.09 0.85 1.50
(d) 5.22 3.04 2.50 2.77 1.14 1.29
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Table 8: Neutron-star radius, Rmax (in km), the central density, nc (in fm
−3), and the ratio
of the maximum neutron-star mass to the solar mass, Mmax/M⊙, in the ESC08 model. For
details, see the text.
(A) (B)
case Rmax nc Mmax/M⊙ Rmax nc Mmax/M⊙
(a) 11.2 1.04 2.00 11.6 0.98 1.84
(b) 11.2 1.09 1.83 11.5 1.05 1.62
(c) 11.2 1.06 1.86 11.6 1.02 1.71
(d) 11.5 1.00 1.93 11.7 0.99 1.77
